The structure of the A20P/P64A mutated subunit c of Escherichia coli ATP synthase, in which the essential proline has been switched from residue 64 of the second transmembrane helix (TMH) to residue 20 of the first TMH, has been solved by 15 N, 1 H NMR in a monophasic chloroform/methanol/water (4:4:1) solvent mixture. The cA20P/P64A mutant grows as well as wild type, and the F 0 F 1 complex is fully functional in ATPase-coupled H ؉ pumping. Residues 20 and 64 lie directly opposite to each other in the hairpin-like structure of wild type subunit c, and the prolinyl 64 residue is thought to induce a slight bend in TMH-2 such that it wraps around a more straightened TMH-1. In solution, the A20P/P64A substituted subunit c also forms a hairpin of two ␣-helices, with residues 41-45 forming a connecting loop as in the case of the wild type protein, but, in this case, Pro 20 induces a bend in TMH-1, which then packs against a more straightened TMH-2. The essential prolinyl residue, whether at position 64 or 20, lies close to the aspartyl 61 H ؉ binding site. The prolinyl residue may introduce structural flexibility in this region of the protein, which may be necessary for the proposed movement of the ␣-helical segments during the course of the H ؉ pumping catalytic cycle.
induces a bend in TMH-1, which then packs against a more straightened TMH-2. The essential prolinyl residue, whether at position 64 or 20, lies close to the aspartyl 61 H ؉ binding site. The prolinyl residue may introduce structural flexibility in this region of the protein, which may be necessary for the proposed movement of the ␣-helical segments during the course of the H ؉ pumping catalytic cycle.
F 0 F 1 ATP synthases reversibly convert the energy of a transmembrane H ϩ electrochemical gradient, generated by electron transport systems in mitochondria, chloroplasts, and the plasma membrane of eubacteria, into the chemical energy of a phosphate anhydride bond in ATP (1, 2) . Proton translocation through the transmembrane F 0 sector is reversibly coupled to ATP synthesis or hydrolysis in the F 1 sector of the complex, which extends from the surface of the membrane. The subunit composition of the simplest bacterial enzymes, such as in Escherichia coli, is ␣ 3 ␤ 3 ␥␦⑀ for F 1 and a 1 b 2 c 10 -14 for F 0 (3) . High resolution crystal structures of the nearly complete F 1 complex from bovine mitochondria support previous conclusions that the catalytic sites alter between open and closed states as predicted by the rotary binding change mechanism (4 -6) . The alternate closing and opening of catalytic sites, with the consequent tight binding of substrates and release of products, is proposed to be driven by rotation of the ␥ subunit within a hexameric ring of alternately packed ␣ and ␤ subunits, and direct evidence for such ATPase-coupled rotation is now widely accepted (7) . In the membrane, the rotation of subunit ␥ is proposed in turn to be driven by H ϩ transport-coupled rotation of a connected ring of c subunits, which extend through the lipid bilayer (8 -11) . Recent evidence indicates that the connection between the ␥ and ⑀ subunits of F 1 and the c-ring remains fixed during function (12, 13) , and independent experiments have now directly demonstrated a rotation of the c-ring coupled with ATP hydrolysis (14, 15) .
The detailed structure of the F 0 complex is unknown, and the mechanism by which proton transport drives rotation remains speculative. The structure of monomeric subunit c (16) and of the membrane domain of the subunit b (17) have been solved by NMR in a membrane-mimetic solvent, i.e. a monophasic mixture of chloroform/methanol/H 2 O (4:4:1). The current model of the subunit arrangement in the F 0 complex emerges from the results of electron and atomic force microscopy (18 -20) , intersubunit Cys-Cys cross-linking (21, 22) , molecular modeling (23, 24) , and most recently direct crystallographic observations (25) . In the NMR model (16) , subunit c folds as a hairpin of two helices, connected by a short polar loop, with helix-helix interactions in accord with those expected for the protein in the native membrane. The polar loop is known to interact with the ␥ and ⑀ subunits of F 1 in the native enzyme (26 -28) . The number of c subunits in the complex is presently the subject of controversy, with numbers in the range of 10 -14 being proposed for different species (25, 29, 30) . The multiple copies of subunit c are proposed to be arranged in a cylinder such that the TMHs 1 form two concentric rings with the N-and C-terminal helices positioned in the inner and outer circle of the ring, respectively. Subunits a and b are located outside the ring perimeter, subunit a being in contact with TMH-2 of the subunit c (22) . Subunit b is present in two copies and probably serves as the stalk of the stator holding the ␣ 3 ␤ 3 subunits of F 1 in a fixed position relative to the transmembrane regions of subunits a and b (31) (32) (33) .
The path of H ϩ transport through F 0 and the mechanism of coupling H ϩ translocation to rotation remain largely unknown. In the course of H ϩ transport, the proton is assumed to bind transiently to the carboxyl group of the essential Asp 61 residue, located about halfway across the hydrophobic slab of the lipid bilayer. An interaction between the a and c subunits, probably involving aArg 210 and cAsp 61 , is thought to promote deprotonation of Asp 61 at the exit side of the membrane (11, 34 -36) . In models of the c oligomer (23, 24) , the Asp 61 carboxyl group appears to be buried at the interface of two neighboring c subunits, so a significant conformational change in the c subunit will be required to allow direct contact between cAsp 61 and aArg
210
. Ionization of Asp 61 is known to result in global structural changes in the monomeric protein (37) . The recently published solution structure of subunit c at pH 8 (24) , where Asp 61 is ionized, shows TMH-2 turned by about 140°compared with its orientation in the protonated subunit; major structural changes in the loop region were also observed. The turning of TMH-2 in one or two c subunits of native F 0 would provide a more complete explanation of previous cross-linking experiments in which a-c (22) and c-c (21) dimers were observed. Some of these dimers cannot be accounted for by the simplest oligomeric model utilizing the pH 5 structure only (23) . Hence, in native F 0 the deprotonation of Asp 61 was suggested to be linked with the turning of the cTMH-2 at the subunit a interface, and this turning, or its reversal following reprotonation of Asp 61 , was proposed to be coupled to the stepwise circular movement of the c-oligomeric ring (24, 38) . Such conformational movements, occurring within units of a closely packed oligomer, must involve rather complex concerted movements of both helices. The present work bears on the possible role of an essential transmembrane proline residue in such movements.
One prominent feature of the subunit c structure at pH 5 is a bend in TMH-2 associated with Pro 64 (16) . Substitution of Pro 64 with Leu renders the ATP synthase inactive, as evidenced by inability of cells to grow on succinate by oxidative phosphorylation (39) . Interestingly, function in the cP64L mutant can be partially restored by a second site A20P mutation (39) and further improved when position 64 is occupied by alanine (40) . In the hairpin structure of monomeric subunit c, residues 20 of TMH-1 and 64 of TMH-2 lie proximally to each other. Comparison of sequence alignment of the c subunits from other species confirms that a prolinyl residue placed in close proximity to the equivalent of Asp 61 is a common feature of subunit c structure (41) . Consistent with the results of mutant analysis in E. coli, the proline residue is located in helix 1 in some species and in helix 2 in others. This raises the question of the effect of the prolinyl location on the architecture of the monomeric protein in solution and the related question of the role of the prolinyl residue in the native enzyme. We report here on the structure of A20P/P64A substituted subunit c.
EXPERIMENTAL PROCEDURES
Sample Preparation for NMR-The A20P/P64A subunit c was prepared from strain JH613, which contains copies of the mutant subunit c gene on the chromosome and on a pBR322-derived plasmid and is genetically equivalent to strain MEG119 used for the purification of the wild type protein (42) . Uniform labeling with 15 N was achieved by growing cells on a minimal medium containing 15 mM [
15 N]NH 4 Cl as a sole nitrogen source. Subunit c was purified as described previously (42) . Samples for NMR contained 0.6 ml of 2.2 mM subunit c in either CDCl 3 /CD 3 OH/H 2 O (4:4:1) or CDCl 3 /CD 3 OD/D 2 O (4:4:1), both solvents containing 50 mM NaCl. The pH of the samples was adjusted to 5.0 without correction for the isotope effect.
NMR Spectroscopy and Structure Calculation-NMR data were collected on a Brü ker DMX600 spectrometer with triple axis pulsed field gradient capability at 300 K. Two-dimensional proton experiments were done essentially as described previously (17) . The HSQC, three-dimensional TOCSY-HSQC, and NOESY-HSQC experiments used gradient sensitivity-enhanced schemes (43, 44) . Chemical shift assignments for the wild type protein were used as a basis for assigning resonances in the DQF-COSY, TOCSY, HSQC, and three-dimensional TOCSY-HSQC spectra of the cA20P/P64A protein. The sequential assignments were checked and completed using the three-dimensional NOESY-HSQC experiment. Distance constraints were derived from two-dimensional NOESY and three-dimensional NOESY-HSQC experiments. Scalar coupling constants were calculated from three-dimensional HNHA spectrum (45) . Exchange rates for amide protons were measured by diluting a sample in CDCl 3 /CD 3 OH/H 2 O with two volumes of fully deuterated solvent and then recording a series of HSQC spectra at intervals between 1 and 36 h. Spectral data were processed using Felix 95.0 software (Molecular Simulations Inc., Palo Alto, CA).
A total of 645 NOEs were assigned in the spectra, 493 of which provided meaningful distance constraints. The structure was calculated from these constraints, 41 hydrogen bond constraints and 42 H N H ␣ coupling constants (see Table I ). Two hundred initial structures were calculated using simulated annealing as implemented in DYANA (46) . The 10 lowest energy structures were additionally minimized using the AMBER force field as implemented in "Discover" (Molecular Simulations Inc., Palo Alto CA). The quality of the structures was checked using PROCHECK (47) . The coordinates were deposited at the Protein Data Bank (Research Collaboratory for Structural Bioinformatics, Rutgers University, New Brunswick, NJ) as entry 1IJP.
Other Methods-Cell membranes from the monoploid wild type strain AN346 and isogenic strain OM470, which carries a chromosomal copy of the cA20P/P64A mutation, were prepared in TMDG buffer (50 mM Tris-HCl, pH 7.5, 5 mM MgCl 2 , 1 mM dithiothreitol, 10% (v/v) glycerol) as described previously and stored at 20 mg/ml protein at Ϫ80°C (48). ATPase activity was measured at room temperature with membranes diluted to 15 g/ml in a buffer containing 50 mM Tris-HCl, pH 8.0, 2 mM MgCl 2 , and 2 mM ATP by liberation of inorganic phosphate (49) . ATPase-coupled proton translocation was monitored by the quenching of 9-amino-6-chloro-2-methoxyacridine fluorescence in HMK assay buffer (10 mM HEPES-KOH, pH 7.5, 5 mM MgCl 2 , 300 mM KCl) as described previously (34) . To test for inhibition by DCCD, membranes were incubated on ice at 3 mg/ml in TMDG buffer with 50 M DCCD for 30 min. Protein was determined by a modified Lowry assay in the presence of SDS (50) . 75%, respectively. The ATPase-coupled H ϩ transport activity of wild type and mutant membrane vesicles was equivalent, although the activity of the mutant was somewhat more sensitive to inhibition by DCCD (Fig. 1 ). These results demonstrate that the cA20P/P64A mutation does not significantly affect the function of the ATP synthase.
RESULTS

Activity of the
Structure Determination-The structure of A20P/P64A substituted subunit c was solved in the chloroform/methanol/water mixture that had been used previously for solving the structure of wild type subunit c (16) and the N-terminal fragment of the subunit b (17) . To facilitate the use of chemical shift assignments available for the wild type protein and to make the structural comparison meaningful, the spectra were recorded under conditions identical to those used for wild type protein (16) . An overlay of the two-dimensional 15 N, 1 H chemical shift correlation spectra of the wild type and A20P/P64A proteins is shown in Fig. 2 . The chemical shifts of the backbone amide groups are very similar for residues 1-14, 28 -55, and 70 -79.
The largest difference in chemical shifts is found for residues located around the sites of mutation at residues 20 and 64 (Fig.  3) . The similarity of the chemical shifts and the unimpaired function of the ATP synthase were taken to be a strong indication that overall architecture of the mutant protein was similar to wild type. This justified use of the wild type structure as a reference in resolving ambiguous NOE assignments that resulted from the high degree of chemical shift degeneracy observed for this protein. The final family of 10 structures had r.m.s. deviations of 0.75 Ϯ 0.20 Å for the backbone atoms and 1.27 Ϯ 0.22 Å for all heavy atoms of residues 3-77. The conformation of the two individual helical domains is defined somewhat better. When residues 4 -39 and 46 -77 were aligned separately, the r.m.s. deviations for the backbone atoms were 0.61 Ϯ 0.15 and 0.54 Ϯ 0.20 Å, respectively. There were no distance constraint violations exceeding 0.3 Å (Table I ). In the 10 best structures, 90.6% of residues were found in the most favored regions of Ramachandran plot, with 8.6% in the additionally allowed, 0.6% in the generously allowed, and 0.2% in disallowed regions. For the well defined region of the structure, FIG. 1. ATP-driven proton pumping into wild type (WT) and cA20P/P64A membrane vesicles. ATPase-coupled pH gradient formation was measured by the quenching of 9-amino-6-chloro-2-methoxyacridine (ACMA) fluorescence. In each trace, ATP was added to 2 mM at the point of the first arrow, and carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP) was added to 1 M at the point of the second arrow. For dicyclohexylcarbodiimide (DCCD) treatment, membrane vesicles were incubated with 50 M DCCD for 30 min on ice prior to a 1:50 dilution into assay buffer (see "Experimental Procedures" for details). comprising residues 3-77, 92.8% of residues were in the most favored region with no residues in disallowed regions.
Structure of A20P/P64A Subunit c-The pattern of sequential and short range NOEs observed in the three-dimensional NOESY-HSQC spectrum is typical for a largely ␣-helical protein (Fig. 3) . Indeed, as for the wild type protein, the structure of A20P/P64A subunit c is best described as a hairpin of two ␣-helices extending from residues 4 to 39 and 46 to 77 (Fig. 3) . The packing of the two helices in the structure (Fig. 4A) is determined by long range distance constraints derived from 44 NOEs. The distribution of NOEs along the amino acid sequence is shown in Fig. 5A . A comparison of long range NOEs observed in the wild type and A20P/P64A proteins reveals a similar pattern of interactions between the helices (Fig. 5B) , but the pairs of interacting residues are different in many cases. Consequently, the relative orientation, bending, and crossing angles of the helices in the mutant protein are somewhat different from the wild type protein (Fig. 6, A and B) . The longer Nterminal helix of A20P/P64A subunit c is bent around Pro 20 at an angle of about 20°and wraps around the nearly straight C-terminal helix. The helices cross at angles of about 20°for the segments comprising residues 22-40 and 46 -62 and about 35°f or the segments comprising residues 4 -18 and 64 -77. The bend in the N-terminal helix is associated with the absence of a backbone hydrogen bond between the carbonyl oxygen of Ala 21 and amide proton of Ala 25 . Similarly, in the wild type subunit c structure at pH 5 (1A91; Ref. 16) , where a comparable bend is observed in the C-terminal helix, the Met 65 /Gly 69 hydrogen bond would have quite unfavorable geometry. In the structure of wild type subunit c at pH 8 (24) , where the Cterminal helix is more strongly bent around Pro 64 (Fig. 6C) , the Met 65 /Gly 69 backbone hydrogen bond is absent. The changes in orientation and crossing angle of the helices in the mutant versus wild type proteins result in associated changes in the structure of the connecting polar loop, most notably of residues 42-45 (Fig. 4B) .
DISCUSSION
From the structure of A20P/P64A subunit c shown here, we conclude that the essential prolinyl residue will tend to intro- duce a bend into the TMH in which it is placed when the helical hairpin is formed within a subunit monomer. Since the prolinyl residue and bend occur in different TMHs in the wild type and mutant proteins, the packing of TMHs varies somewhat in the structures of the two monomeric subunits. On the other hand, the function of the cA20P/P64A mutant ATP synthase appears nearly indistinguishable from wild type, which strongly suggests that the structure of both proteins should be very similar within the oligomeric c-ring. Intersubunit packing interactions that lead to c-ring formation may force an adjustment (straightening) in either structure, as is already indicated by molecular modeling studies done with the wild type protein (23) . As discussed previously (23), the solution structure was expected to change in at least minor ways as additional proteinprotein surface interactions were considered. In the case of A20P/P64A subunit c, a straightening of helix 1 and concomitant reorientation of the two helical segments in the course of oligomer formation may allow the subunit to pack in a ring that is very similar to wild type. The structure presented here does indicate that the forces leading to the kink in TMH-2 of wild type subunit c result from local constraints introduced by the prolinyl residue rather than global interactions reflecting the packing of the entire protein.
In contrast to globular proteins, there are relatively few surface-surface interactions between the TMHs of the highly elongated subunit c monomer. The relative orientation and bend of helices should therefore be expected to change significantly upon packing of the individual c subunits into the ring structure of F 0 due to the contribution of the numerous additional interactions (23, 24) . Indeed, a modeling of the wild type c oligomer, which was based upon an extensive set of distance constraints from intersubunit cross-linking in the native F 0 and the NMR model, indicated that the C-terminal helix straightened with the bend angle around Pro 64 being reduced from 27°in the NMR structure (1A91; Fig. 6B ) to 16 Ϯ 3°in the oligomer ring (Ref. 23 , Fig. 6D ). Further, a more recent calculation of the wild type subunit c structure at pH 5 (1C0V; Ref. 24) showed a less pronounced bend around Pro 64 of about 11°. Given that the two pH 5 structures do differ significantly and that the calculations were based upon the same extensive set of NOEs (16), the experimentally derived constraints clearly permit significant variation in the overall bend of the molecule.
The comparison of the structures of A20P/P64A and wild type subunit c raises an obvious question about the functional role of the bend in the proline-containing helix. The recently reported structure of deprotonated subunit c (Fig. 6C) suggests that ionization of Asp 61 results in a major reorientation in the packing of helices, TMH-2 being turned by about 140°relative to its orientation in the protonated state (24) . The occurrence of such helical turning, within the confines of the multiple intersubunit surface contacts of the oligomer, would require rather complex concerted movements of both transmembrane helices and would probably also involve the neighboring c subunits. The movement appears to involve changes in the bend angle of both helices. Indeed, in the pH 8 structure of the wild type monomeric subunit, very significant bends are observed in both TMH-2 and TMH-1, i.e. bend angles of about 60 and 30°, respectively. In the model of the subunit c oligomer (23), the side chain of Asp 61 is located at the interface of two neighboring c subunits. An interaction of the Asp 61 side chain with aArg 210 is proposed to be a key step in transmembrane H ϩ transport (11, 34 -36) , and a concerted bending and swiveling of helices may be critical in promoting this interaction. The fact that the proline can be located on either of the two helices without a noticeable effect on function supports the notion that both helices are involved. The role of prolinyl residue would then be to introduce a "weak spot" in the helical hairpin by breaking the regular pattern of hydrogen bonds stabilizing one of the TMHs.
The role of prolinyl residues in TMHs of transport proteins has been a subject of interest and hypotheses for some time (51, 52) . Sequence comparisons indicate that proline residues are much more common in the membrane-spanning domains of transport proteins versus other membrane proteins (51) . This observation, taken together with the helix-breaking propensity of proline residue, suggests a possible general role for proline in facilitating functionally important movements of transmembrane helical segments. Molecular dynamics simulations with model peptides (53) , alamethicin (54) , and individual helices of bacteriorhodopsin (55, 56) demonstrate that prolinyl-containing ␣-helices will adopt a variety of kinked conformations on a fast time scale, differing in kink angle and hydrogen bonding pattern around the prolinyl residue. The possible variations in hydrogen bonding pattern could allow the polypeptide chain to adopt different metastable conformations during the course of a transport cycle. The suggested importance of the subunit c transmembrane prolinyl residue in F 0 F 1 function is generally supported by sequence alignment of subunit c from other species (41) . Assuming the same hairpin-like structure, a prolinyl residue would be located close to the essential Asp or Glu residue in 28 of the 37 species compared (41) . In these cases, the proline is found in the position equivalent to 64 in E. coli TMH-2 (12 examples) or at the position equivalent to residue 24 in E. coli TMH-1 (16 examples). Nine of the 37 cases do not have a proline in either TMH, but, with one exception, Ser or Thr residues are found in these regions on one or both helices. Hydrogen bond formation between a Ser or Thr side chain and the backbone atom of another residue provides an alternative mechanism of breaking the hydrogen bond pattern of an ␣-helix and introducing a potential site for the swiveling and bending of the helix. We conclude that the bends observed in the TMHs of wild type and A20P/P64A subunit c in solution very likely reflect a need for a concerted structural rearrangement of helices around the region of the essential proline during the H ϩ transport cycle.
